Abstract. Diabetes-induced glutathione (GSH) decrease is usually ascribed to GSH oxidation. Here we investigate, in streptozotocin-treated rats, if impairment of GSH synthesis contributes to GSH decrease in diabetic liver, and if antioxidant treatments can provide protection. Diabetic rats were divided into 3 groups: untreated diabetic rats (UD); N-acetylcysteine (NAC)-treated diabetic rats; taurine (TAU)-treated diabetic rats; a group of non-streptozotocin-treated rats was used as control (CTR). All rats were sacrificed at 40 weeks of age. Diabetes induced hepatic glutathione decrease, but oxidized glutathione (GSSG) did not increase significantly. Accumulations of cysteine and cysteinyl-glycine in UD suggest respectively decreased glutathione synthesis and increased loss through the plasma membrane with subsequent degradation. Decreased expression of γ-glutamyl-cysteine synthetase in UD is consistent with repressed GSH synthesis. Moreover, diabetes caused increase of GSSG/GSH ratio and induction of heme oxygenase-1, both signs of oxidative stress. Supplementation with NAC or TAU resulted in amelioration of glutathione levels, probably depending on antioxidant activity, more efficient glutathione synthesis and decreased GSH loss and degradation. In conclusion, impaired synthesis and increased loss and degradation of GSH appear to contribute to a decrease in GSH levels in diabetic liver. NAC and TAU are able to partially protect from oxidative stress and GSH decrease, while enhancing GSH synthesis and restricting GSH loss.
Introduction
Oxidative stress is widely considered as one of the main mechanisms involved in the pathogenesis of chronic complications of diabetes, although its role is under constant discussion (1) (2) (3) (4) (5) (6) . Several studies have underlined the participation of oxidative mechanisms in the generation of some advanced glycation end-products (AGE) (7) , which are considered responsible for protein alterations leading to diabetic sequelae (8) . Moreover, signs of increased oxidative stress in diabetes have been recognized in the plasma (9, 10) and inside the cells (10, 11) ; however, studies on the content of antioxidant enzymes have yielded contrasting results (12) (13) (14) (15) , probably owing to differences in diabetes models, diabetes duration and the organs evaluated.
Glutathione (GSH) is the main cellular thiol participating in cellular redox reactions, and the liver is the main site of GSH synthesis (16) . Several studies have shown that GSH content is decreased in various tissues of diabetic organisms (13, 14, 17, 18) ; this could be the cause and consequence of increased oxidative stress. Decrease in glutathione levels has been frequently reported in diabetes, and could occur through decreased synthesis, increased utilization (consumption or degradation) or a combination of both (19) .
Synthesis of GSH depends essentially on two enzymes acting sequentially [γ-glutamyl-cysteine synthetase (gGCS), EC 6.3.2.2, and glutathione synthetase (GS), EC 6.3.2.3], but only the first is believed to be rate-determinant; availability of cysteine is also an important limiting factor (20) .
Consumption of GSH through oxidation is implied or overtly indicated by several authors as the cause of glutathione decrease in diabetes; however, not all authors have measured oxidized glutathione (GSSG) (21) (22) (23) (24) (25) (26) ; the measure of GSSG/ GSH ratio is anyway fundamental to reveal the existence of oxidative stress (27) . It is also to be kept in mind that GSSG can be extruded from the cell, preventing its increase inside the cells during GSH oxidation (28) (29) (30) However, besides oxidation, GSH can be consumed through other pathways, such as conjugation (spontaneous or catalyzed by glutathione S-transferase) (32) , glutathionylation of proteins (16) and transport (or loss) through the plasma membrane with possible subsequent peptidolysis by γ-glutamyl-transpeptidase (gGT), which converts GSH in aminoacidic compounds able to be taken up again by cells; this mechanism permits transport or exchange of GSH also between distant organs (29, 30, 33) .
In the present study, we investigated the possible reasons for the GSH decrease in diabetic liver, we measured the levels of oxidized glutathione and the expression of heme oxygenase-1 (HO-1) as signs of oxidative stress; moreover, we evaluated cysteine, as a GSH precursor, cysteinyl-glycine (Cys-Gly) as a GSH degradation product, and the expression of the key enzyme of GSH synthesis (gGCS), in order to obtain information about GSH synthesis and degradation. Finally, we supplemented the diabetic rats with the antioxidant substances [N-acetyl-cysteine (NAC), a known antioxidant and precursor of glutathione (34) (35) (36) , and taurine, a substance ascribed with various potentially beneficial effects (37) (38) (39) ], in order to clarify if antioxidant supplementation can revert or attenuate the effects of diabetes on glutathione metabolism.
Materials and methods
Animals. Male Wistar rats (n=26) purchased from Harlan Italy Srl (Milan, Italy) were randomly housed in pairs and fed a standard diet (Piccioni Spa, Milan, Italy) ad libitum. A group of control rats (CTR, n=8) was left untreated. At 12 weeks of age, the remaining rats were rendered diabetic by means of a single i.p. injection of streptozotocin (60 mg/kg), freshly dissolved in sterile citrate buffer (pH 4.5) (40) (41) (42) . Glucose concentration in blood drawn from a tail vein was determined by means of reactive strips and read with a reflectometer (both from Glucotrend 2 ® , Boehringher Mannheim Italia Spa, Milan, Italy). Stable blood glucose levels over 11 mmol/l were considered to indicate the onset of diabetes mellitus (DM).
The diabetic rats were randomly assigned to the following three groups, 6 rats for each group: i) untreated diabetic rats (UD group); ii) rats treated with NAC (300 mg/rat/day) (NAC group); and iii) rats treated with taurine (TAU) (2.5 g/rat/day) (TAU group). NAC and TAU were administered in the drinking water (39, (43) (44) (45) . All rats were maintained at 22-24˚C with 12-h dark/light cycles, in accordance with common procedures for good animal care. Blood glucose levels were measured daily until diabetes development and then once a week during the entire period of observation. The rats were sacrificed at 40 weeks of age (about 6 months after the onset of diabetes) by bleeding under anesthesia with i.p. injection of sodium pentobarbital (65 mg/kg). Glycated hemoglobin (GHb) levels were measured by affinity chromatography (Glycaffin ® , Isolab, Akron, OH, USA) on blood drawn just before the sacrificing.
The experiments were performed in accordance with the Italian national legislation (Italian animal-good care official rules, N. 116/92).
HPLC analyses. Specimens of the liver were immediately processed for the measurement of GSH, GSSG, cysteine and Cys-Gly in HPLC by the method of Fariss and Reed (46) . Briefly, specimens of liver were homogenized and precipitated with perchloric acid (PCA) (10% final); thiol groups were blocked with iodoacetic acid (IAA) at alkaline pH; analytes were then converted to 2,4-dinitrophenyl derivatives by overnight derivatization with 1% 1-fluoro-2,4-dinitrobenzene (FDNB) at 4˚C in the dark. Quantitative determination of the derivatized analytes was performed in HPLC; the HPLC system was equipped with two Waters 510 pumps, with a Waters Spherisorb 5 µm NH 2 column and a Kontron 332 UV detector set at 365 nm; the flow rate was 1.5 ml/min. The mobile phase was maintained at 80% A (80% methanol) and 20% B (0.5 M sodium acetate in 64% methanol) for 5 min, followed by a 10-min linear gradient to 1% A and 99% B; the mobile phase was maintained at 99% B until GSSG eluted. Total GSH (tGSH) content was calculated in the chromatograms by adding GSH + 2GSSG, and expressed in GSH equivalents (16) .
RT-PCR studies. Expression of mRNA of HO-1, of the heavy and light subunit of γ-glutamyl-cysteine synthetase (gGCS-HS and gGCS-LS, respectively) and of β-actin, as a house keeping gene, were evaluated by semiquantitative RT-PCR.
Total-RNA was extracted using TRIzol reagent (Invitrogen, Milano, Italy) according to the manufacturer's instructions. One microgram of total-RNA was reverse transcribed into cDNA by SuperScript™ II reverse transcriptase (Invitrogen) in the presence of polyadenylated oligonucleotides.
Amplification of cDNA by polymerase chain reaction was performed using PCR Master mix (Fermentas, Milano, Italy) and specific primers (47) (48) (49) , synthesized by TIB Molbiol (Genova, Italy). The amplification products were separated by electrophoresis on 1.5% agarose ethidium bromide gel and analyzed by means of the Gel Doc 2000 densitometer (BioRad, Milano, Italy) through the 'Molecular Analyst' software (Bio-Rad).
Western blot analyses. For Western blotting (WB) analysis, liver tissue (150 mg) was homogenized in 1.5 ml cold phosphate buffer (5 mM, pH 7.4) containing 0.1% Triton X-100 and protease inhibitor cocktail (Sigma-Aldrich, Milano, Italy). The homogenate was clarified by centrifugation at 10,000 x g for 25 min at 4˚C. The supernatant was used for the determination of protein concentration (BCA, Pierce, USA) and for Western blotting for gGCS (heavy and light subunit), HO-1 and actin. Protein extracts were separated by SDS-PAGE in 6.5% (v/v) stacking and 10% (v/v) separation gels. Separated proteins were then transferred to a PVDF membrane (Amersham Biosciences, Piscataway, NJ, USA). After a 1 h blocking step with 5% milk in 20 mM TBS-0.05% Tween-20 (pH 7.5), the membranes were incubated for 1 h at room temperature with rabbit polyclonal antibodies (1:20,000) raised against rat gGCS heavy and light subunits, which were generously provided as a gift by Dr T.J. Kavanagh (University of Washington, Seattle, USA) or with rabbit polyclonal antibodies (1:5,000) raised against rat HO-1 (Stressgen Biotechnologies, San Diego, CA, USA). The membranes were washed three times, incubated for 1 h at room temperature with goat anti-rabbit IgG antibody conjugated to horseradish peroxidase (Amersham Biosciences), and again washed three times. Chemiluminescence was developed using the ECL-plus substrate (Amersham Biosciences). Bands were detected using the ECL-Hyperfilm (Amersham Biosciences) and quantification of chemiluminescence was performed with the Gel Doc 2000 densitometer (Bio-Rad, Hercules, CA, USA). To compare protein loading, membranes were reprobed with a mouse monoclonal anti-actin antibody (Sigma).
Statistical analyses.
Results were expressed as mean ± SEM. The statistical significance of parametric differences among sets of experimental data was evaluated by ANOVA and the student Newman-Keuls post-test for multiple comparison by the GraphPad Prism program.
Results
Streptozotocin induced an abrupt increase in blood glucose to P-values >11 mmol/l. Mean blood glucose in the last 10 weeks of life was lower in NAC-treated (24.17±1.11 mmol/l; P<0.05 vs. UD) and TAU-treated (26.11±1.67 mmol/l; P>0.05 vs. UD) diabetic rats than in UD rats (29.44±1.33 mmol/l). This observation was paralleled by the total GHb concentration, with the UD group showing significantly higher mean GHb (20±2%) values than NAC group (15±1.5%; P<0.01 vs. UD) or TAU group (16±1.5%; P<0.01 vs. UD). CTR mean blood glucose levels in the last 10 weeks of life were 8.06±0.30 mmol/l and total GHb levels were 7±0.5%.
The evaluation in HPLC revealed that diabetes induced a profound decrement in tGSH, which decreased to nearly half of the control value: (UD vs. CTR P<0.05). NAC-and TAU-treated rats had tGSH levels higher than UD, and not significantly different from CTR (Fig. 1) .
The evaluation of GSSG in HPLC did not revealed any statistical difference between the UD and CTR rats; however, NAC and TAU were able to decrease GSSG content in comparison to UD treatment (NAC vs. UD P<0.01; TAU vs. UD P<0.05) and to the CTR group (NAC vs. CTR P<0.01 and TAU vs. CTR P<0.05, respectively) (Fig. 2) .
In consequence, the GSSG/tGSH ratios were significantly higher in the UD compared to the CTR rats (P<0.001); in NACand TAU-treated rats this ratio decreased to values not different from CTR, but significantly lower than in UD rats (P<0.01) (Fig. 3) . The cysteine content was significantly higher in UD than in CTR rats (P<0.01). NAC treatment decreased the increment of cysteine seen in UD rats (P<0.05). TAU treatment did not modify the value induced by diabetes, which remained therefore significantly higher than in the CTR rats (P<0.05) (Fig. 4) .
Cysteinyl-glycine (Cys-Gly) content was dramatically increased in the UD-treated rats in comparison to the CTR group (P<0.001). NAC and TAU treatments completely protected the rats from the accumulation of Cys-Gly induced by diabetes (P<0.001), decreasing its content to values not significantly different from CTR (Fig. 5) .
RT-PCR analysis of the heavy subunit of gGCS revealed that UD showed a significant decrease of mRNA for this protein in comparison with CTR (P<0.05); NAC and TAU treatments decreased the difference vs. CTR (Fig. 6 ). No significant difference among the various groups was noted for the mRNA for the light subunit of gGCS (data not shown).
WB revealed that UD-treated rats had significantly lower levels of gGCS-HS protein in comparison with the CTR group (P<0.05); NAC treatment was able to afford protection from this decrease (P<0.05 vs. UD); TAU treatment resulted in a value higher than UD, but the difference was not significant (Fig. 7) . WB did not evidence any significant difference in the levels of gGCS-LS among the groups.
RT-PCR analysis revealed a strong overexpression of HO-1 mRNA for UD-treated rats in comparison to CTR (P<0.05); NAC and TAU protected the animals from this overexpression (P<0.05) (Fig. 8) . Analysis of HO-1 protein expression revealed analogous results (data not shown).
Discussion
The widely recognized decrease in GSH in diabetic tissues (13, 14, 17, 18) has been confirmed in the liver of our experimental model. Moreover, diabetes was able to cause remarkable increment of the GSSG/tGSH ratio, which is a clear sign of increased oxidative stress (27) . Moreover, diabetes dramatically increased the expression of HO-1, a well known mechanism of cellular response to oxidative stress (50) . Oxidation to GSSG could therefore be considered a factor responsible for GSH depletion, while the GSSG produced during GSH oxidation could be exported outside the cell, thus maintaining intracellular GSSG concentration quite constant (28) (29) (30) . However, we examined other possible mechanisms responsible for the observed GSH decrease. Firstly, we investigated if diabetes induced a decrease in GSH synthesis. In our experimental model, diabetes was able to cause an increase in cysteine content; we suggest that cysteine accumulation is due to a diabetes-induced decrease in GSH synthesis (20) . Cysteine accumulation should enhance GSH synthesis, but we hypothesize that in this context cysteine accumulation is not enough to overcome the impairment of GSH synthesis. The hypothesis of diabetes impairing GSH synthesis is reinforced by the fact that UD rats showed decreased expression of gGCS-HS, the catalytic moiety of the key enzyme for GSH synthesis; this decreased expression has been noted previously by Doi et al (51) in the heart of streptozotocin-diabetic rats. Imbalance of insulin equilibrium (52), glycation (53) and oxidative stress with thiol regulation at the cysteine site (54-56) may combine and result in the repression of gGCS-HS expression or activity and GSH synthesis in diabetic rats. A critical element may also be the long term glucose exposure, which has been suggested as a factor able to impair the responsive expression of gGCS (57) .
On the other hand, Cys-Gly, an extracellular metabolite of GSH degradation catalysed by gGT (34) , accumulated in UD rats; we suggest that this increase could depend on the increased secretion or loss of GSH out of the hepatocytes, followed by GSH degradation. The loss of GSH through the membrane may in turn depend on membrane oxidative alterations due to the diabetes-induced oxidative stress; lipid peroxidation has actually been described to be increased in diabetic rat liver (11, 58, 59) , and peroxidized membrane can exhibit altered permeability (60, 61) and transport functions (62, 63) . Therefore, our data confirm the existence of GSH decrease and increased oxidative stress in diabetes. However, while oxidation to GSSG is presumably involved in GSH depletion (21) (22) (23) (24) (25) (26) , our data prompt us to suggest other mechanisms as well, such as synthesis impairment, and leakage from the hepatocytes. In this view, GSH oxidation, impairment of GSH synthesis and GSH loss could be viewed as various and intertwined causes of GSH depletion. Diabetic hepatocytes, GSH-depleted and oxidatively stressed, should then be regarded as particularly susceptible to further damage (e.g. toxic insults).
NAC treatment was able to protect the diabetic rats from the hepatic GSH decrease. Moreover, NAC treatment decreased GSSG content, and restored the GSSG/tGSH ratio and HO-1 expression to the levels of CTR: these data make us believe that NAC is able to significantly protect diabetic rats from the diabetes-induced oxidative stress; the restored GSH content is likely to be a factor responsible for the protection from oxidative stress; moreover, NAC itself can behave as an antioxidant as well (34, 64, 65) .
In NAC-treated diabetic rats the content of cysteine was significantly lower than in the UD group. We propose that NAC is able to remove the diabetes-induced impairment of GSH synthesis. The observed partial restoration of the levels of gGCS-HS levels is probably one of the crucial reasons for GSH restoration, together with the higher availability of precursor (cysteine derived from NAC) (20) ; in this way, GSH content can be restored. However, cysteine accumulates in comparison to CTR, reasonably because not all the NAC-derived cysteine is utilized for the synthesis of GSH.
The relation between NAC, gGCS and GSH synthesis is complex. NAC has been both recognized as a cysteine donor (66) , able to stimulate gGCS activity, and as an inhibitor of the oxidative stress-induced cascade leading to gGCS transcription (67) . Moreover, NAC has been suggested to be able to improve the salvage pathway in which gGT utilizes cystine as the acceptor receiving the γ-glutamyl moiety from GSH exported from non-hepatocyte cell types. This reaction produces γ-glutamylcystine, which can be reduced intracellularly to γ-glutamylcysteine (68) .
On the other hand, NAC decreased Cys-Gly content to levels comparable to CTR; this prompts us to suppose that NAC protects hepatocytes from GSH loss through the membrane, which is followed by GSH degradation. Therefore, since NAC protected diabetic rats in parallel from oxidative stress and from Cys-Gly accumulation, we suggest that diabetes-induced GSH leakage occurs and depends on oxidative alterations of the hepatocyte membrane.
In conclusion, NAC probably interferes with various pathological mechanisms in the diabetic rat liver, protecting from oxidative stress, enhancing gGCS activity, facilitating gGCS transcription, restricting GSH loss and maybe stimulating alternative pathways of GSH synthesis.
TAU treatment, similarly to NAC, protected the diabetic rats from hepatic GSH decrease. TAU was able to decrease the GSSG level and to restore the GSSG/tGSH ratio; similar results were obtained by Yao et al (44) ; moreover, TAU substantially decreased the level of HO-1 expression. These data support an antioxidant role of TAU in diabetic rats, which protects them from the diabetes-induced oxidative stress. The possibility that TAU is able to enhance the reduction of GSSG to GSH has been suggested by .
In TAU-treated diabetic rats, cysteine levels were high; since TAU is a product of cysteine degradation through the cysteine dioxygenase pathway (70) , it could act as an inhibitor of this pathway, inducing accumulation of cysteine. In this way, more cysteine could be available for GSH synthesis; moreover, TAU provided a mild increase of gGCS-HS expression in comparison to UD. In TAU-treated diabetic rats, the level of Cys-Gly was comparable to that of NAC or CTR; the decreased peptidolytic degradation of GSH could depend on a protection of the membranes from lipoperoxidation, and consequent GSH leakage, in a manner similar to NAC. Therefore, we suggest that higher gGCS-HS expression, its activation due to larger cysteine availability and protection from GSH loss are the mechanisms whereby TAU treatment induces GSH restoration in the liver of diabetic rats. Antioxidant and antiglycation properties of TAU (38) may be at the basis of the observed effects on GSH in diabetic liver.
In conclusion, we believe that, although diabetes is able to generate oxidative stress (e.g. increased GSSG/GSH ratio, induced expression of HO-1), hepatic GSH decrease in diabetes is not only caused by GSH oxidation to GSSG, but also by impaired synthesis and increased loss through the hepatocyte membrane, probably related to oxidative damage of the membrane itself. A vicious circle between GSH decrease, oxidative stress and increased loss can be then be generated. N-acetyl-cysteine and taurine are able to provide protection from oxidative stress and GSH decrease, while enhancing GSH synthesis and restricting GSH loss; therefore, these antioxidant substances probably break the vicious circle between GSH decrease and oxidative stress.
